Formation of functional neural networks requires the coordination of cell surface receptors and downstream signaling cascades, which eventually leads to dynamic remodeling of the cytoskeleton. Although a number of guidance receptors affecting actin cytoskeleton remodeling have been identified, it is relatively unknown how microtubule dynamics are regulated by guidance receptors. We used Drosophila olfactory projection neurons to study the molecular mechanisms of neuronal morphogenesis. Dendrites of each projection neuron target a single glomerulus of ϳ50 glomeruli in the antennal lobe, and the axons show stereotypical pattern of terminal arborization. In the course of genetic analysis of the dachsous mutant allele (ds UAO71 ), we identified a mutation in the tubulin folding cofactor D gene (TBCD) as a background mutation. TBCD is one of five tubulin-folding cofactors required for the formation of ␣-and ␤-tubulin heterodimers. Single-cell clones of projection neurons homozygous for the TBCD mutation displayed disruption of microtubules, resulting in ectopic arborization of dendrites, and axon degeneration. Interestingly, overexpression of TBCD also resulted in microtubule disruption and ectopic dendrite arborization, suggesting that an optimum level of TBCD is crucial for in vivo neuronal morphogenesis. We further found that TBCD physically interacts with the intracellular domain of Down syndrome cell adhesion molecule (Dscam), which is important for neural development and has been implicated in Down syndrome. Genetic analyses revealed that TBCD cooperates with Dscam in vivo. Our study may offer new insights into the molecular mechanism underlying the altered neural networks in cognitive disabilities of Down syndrome.
Introduction
During development, axons and dendrites elongate toward the proper target region under the guidance of cell surface receptors. The activation of cell surface receptors leads to the modification of cytoskeleton that promotes changes in neuronal morphology. Previous studies have identified a series of actin-binding proteins regulating axon guidance downstream of guidance receptors (Dent et al., 2011) . For example, Enabled, the barbed-end binding protein, acts downstream of the repulsive guidance receptor Roundabout (Bashaw et al., 2000) . However, it is still unclear how cell surface receptors and downstream signaling cascades converge to effect the remodeling of cytoskeleton, especially microtubule dynamics.
Microtubules are polymers assembled using heterodimers of ␣-and ␤-tubulins. Five tubulin-folding cofactors A-E (TBCA-TBCE) assist in the formation of tubulin heterodimers (Tian et al., 1996) . The roles of tubulin-folding cofactors have been studied mainly in vitro; however, recent studies have reported TBCB and TBCE as regulators of neural development and function. Mutations in TBCE cause the hyperparathyroidism-retardationdysmorphism syndrome in humans, and progressive motor neuropathy in mice Parvari et al., 2002) . Drosophila TBCE is required for the development and function of neuromuscular synapses (Jin et al., 2009) , and TBCB knockdown enhances axon growth of neuronal cell lines (Lopez-Fanarraga et al., 2007) . However, it is unclear whether tubulin-folding cofactors regulate neuronal morphogenesis by participating in specific cell surface receptor pathways.
We used the Drosophila olfactory system to analyze neuronal morphology. In the antennal lobe, each olfactory projection neuron (PN) targets its dendrites to one of ϳ50 glomeruli, and makes synaptic connections with axons of a specific class of olfactory receptor neuron (ORN) (Jefferis and Hummel, 2006; Sakuma et al., 2014) . Axons of PNs innervate the calyx of the mushroom body, and have a stereotypical pattern of terminal arborization in the lateral horn (Marin et al., 2002; Wong et al., 2002) . The target glomeruli of PN dendrites are specified by PN lineages, birth order, and the intrinsic activity of transcription factors (Jefferis et al., 2001; Komiyama et al., 2003; Tea et al., 2010) . Cell-surface receptors have been identified as regulators of PN axon and dendrite morphogenesis Hong et al., 2009; Sweeney et al., 2011; Sekine et al., 2013) . Thus, PNs provide us with a suitable model for analyzing axon and dendrite morphology in vivo.
During the analysis of the dachsous mutant allele (ds UAO71 ), we identified a mutation in the tubulin folding cofactor D (TBCD) locus as a background mutation. TBCD is required for dendrite morphogenesis and axon maintenance in PNs, along with other tubulin-folding cofactors involved in neuronal morphogenesis. Microtubule networks were disrupted in TBCD mutant PNs. We further found that TBCD interacts with the intracellular domain of Down syndrome cell adhesion molecule (Dscam), which is important for neural development (Hattori et al., 2008) . Genetic assays revealed that TBCD cooperates with Dscam during neuronal morphogenesis. Together, we propose that Dscam might modulate microtubule dynamics largely through TBCD function.
Materials and Methods
Fly strains. Flies were maintained under standard laboratory condition (25°C). The following mutants and transgenic lines were used: ds UAO71 , FRT 40A (Adler et al., 1998) , P{PZ}ds 05142 (Spradling et al., 1999) , fat 8 , FRT 40A (Bryant et al., 1988) , FRT G13 , fj d1 (Brodsky and Steller, 1996) , d GC13 , FRT 40A (Mao et al., 2006) , UAS-ds (Matakatsu and Blair, 2004) , UAS-TBCE-RNAi, UAS-TBCE (Jin et al., 2009) , FRT G13 , dTBCB 1 (Baffet et al., 2012) , UAS-GFP-␣Tub84B (Grieder et al., 2000) , UAS-HA-syt (Robinson et al., 2002) , FRT G13 , Dscam P1 (Wang et al., 2002) , UASDscam17.1-GFP, UAS-Dscam17.2-GFP , Sca-Gal4 (Reddy and Rodrigues, 1999) , TBCD 1 , FRT 40A , UAS-TBCD, UAS-CG11723, . Details of genotypes used in this study are available upon request.
Clonal analysis. We used the mosaic analysis with a repressible cell marker (MARCM) method as described previously (Lee and Luo, 1999) . To generate DL1 PNs and mushroom body neuroblast clones, flies with the appropriate genotypes were exposed to a 1 h heat shock at 0 -24 h after larval hatching. We dissected flies of both male and female aged Ͻ11 d, with the exception of those described in Figures 3 and 5 .
Genetic mapping of TBCD mutant. We performed genetic mapping using single-nucleotide polymorphism-based recombination mapping. This mapping revealed that the mutation responsible for the PN defects in the ds UAO71 MARCM clone is at a cytological location between 22B8 and 23B6. Lethal complementation testing was performed using available deficiency lines within the candidate region. . P{wHy}DG14207 inserted between CG11723 and CG7261. We constructed UAS-CG11723, UAS-TBCD, and UAS-CG4259 constructs, and found that only the expression of UAS-TBCD in ds UAO71 PNs rescued the phenotype. We collected genomic DNA from embryos homozygous for TBCD 1 and amplified the region of CG7261. A DNA fragment ϳ9 kbp long was amplified within the coding region of CG7261 by PCR using the following primers: 5Ј-GCCCTATGCGGAC AAACTTCTTCAGTGG-3Ј and 5Ј-GGAGGGGTACTAGCTCCTCCAAT CGATG-3Ј.
Construction. To generate UAS-TBCD, we obtained a full-length cDNA clone (DGRC clone LD 16031). The cDNA clone was cut by NotI and KpnI and subcloned into the pUAST vector. Full-length TBCD was amplified from UAS-TBCD using the following primers: 5Ј-CCTCGAG-GTTTATCAGCACTCGCTTGCTGCAAAGCGGC-3Ј and 5Ј-CTACT-GAAATCTGCCA-3Ј, to make UAS-TBCD-myc. The fragment was cut by NotI and XhoI and subcloned into the pUAST-7xmyc vector. To generate UAS-CG11723 and UAS-CG4259, the fragments were amplified from a cDNA library that was extracted from third instar larvae using the following primers: 5Ј-GCCCGCGAATGGCATACCCGGAGTC-3Ј and 5Ј-CTGGTCCACTGCGCCATGAAATCAG-3Ј for CG11723, and 5Ј-CTGGCTAACTGCCTAAGGC-3Ј and 5Ј-CGGAATGTCGCTATA CTTTGCG-3Ј for CG4259. The PCR product was then subcloned into the pT7Blue vector using TA cloning. The fragment containing the entire cDNA was then cut from the vector using SpeI and BamHI (CG11723), and XbaI and EcoRI (CG4269), and then subcloned into the pUAST vector. To generate UAS-shRNA for TBCD, we followed the protocol previously described . The target sequence of the shRNA is 5Ј-TGCAGTGGCTGCTATTTTAAAG-3Ј. The fragment was subcloned into the pUAST-attB vector. To generate UAS-␤Tub56D-myc, full-length ␤Tub56D was amplified from the ubi-␤Tub56D-GFP plasmid (gifted from Yasuko Akiyama-Oda and Hiroki Oda, JT Biohistory Research Hall, Osaka, Japan) using the following primers: 5Ј-GCGGCCG CATGCGAGAAATCGTTCACATCC-3Ј and 5Ј-CCTCGAGCGTTCTC GTCGACCTCAGCCTCC-3Ј. The PCR product was cut by NotI and XhoI and subcloned into the pUAST-7xmyc vector. Transgenic flies were raised by BestGene.
Immunostaining. Immunostaining of fly brain was performed as previously described (Wu and Luo, 2006) . We used rat anti-mCD8 (1:200; Invitrogen, MCD0800), mouse anti-Bruchpilot [1:40; Developmental Studies Hybridoma Bank (DSHB), nc82], rat anti-DN-cadherin (1:40; DSHB, DNEX-8), mouse anti-myc (1:1000; Invitrogen, 46-0603), rabbit anti-GFP (1:500; MBL, 598), mouse anti-HA (1:1000; Covance, 16B12), PNA-biotin (1:250, J-Oil Mills, J214) and mouse anti-FasII (1:40, DSHB, 1D4). Drosophila S2 cells were cultured on concanavalin A-coated coverslips, fixed, and then immunostained using the following: guinea pig anti-TBCD (1:1000), mouse anti-␣-tubulin (1:2000; Sigma-Aldrich, DM1A) and rabbit anti-GFP (1:500; MBL, 598). Immunofluorescence signals were acquired using a TCS SP5 or SP8 confocal scanning microscope (Leica), and then processed using Adobe Photoshop.
Generation of TBCD antibody. Polyclonal guinea pig antibody raised against Drosophila TBCD was generated by immunizing a guinea pig with a peptide (MSNSVEECKDEDLPANTLEH) corresponding to the N-terminus of Drosophila TBCD (Biogate Laboratories).
Cell culture and transfection. Drosophila S2 cells were grown at 26°C in Schneider's medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 100 U/ml penicillin and 100 g/ml streptomycin. S2 cells in 35 mm plates (1 ϫ 10 6 cells per plate) were transfected with 100 ng Actin-Gal4 and desired UAS constructs (150 ng UAS-TBCD-myc, 300 ng UAS-GFP or 300 ng UAS-Dscam17.1-GFP) using Effectene Transfection Reagent (Qiagen, no. 30142). Transfection was performed according to the manufacturer's protocol. Double-stranded RNA treatment. The design, production, and treatment protocols for double-stranded RNA (dsRNA) were conducted as described previously (Rogers and Rogers, 2008) . For control and TBCD dsRNA, primer sequences were used to amplify the sequence from the bacterial cloning plasmids pBluescript SK and UAS-TBCD, respectively. Templates were amplified by PCR using the following primers:
5Ј-TAATACGACTCACTATAGGTAAATTGTAAGCGTTAATATT-TTG-3Ј; and 5Ј-TAATACGACTCACTATAGGAATTCGATATCAAGCTTATCGAT-3Ј for control; and 5Ј-TAATACGACTCACTATAGGGGTGGTTTACCTCTCCAACCA-ACGG-3Ј; and 5Ј-TAATACGACTCACTATAGGGCTGTATGCCTGGATGTTC-TCGCGG-3Ј for TBCD. Yeast two-hybrid analysis. Yeast two-hybrid screening was performed by Hybrigenics Services (http://www.hybrigenics-services.com). The coding sequence for full-length Drosophila TBCD (GenBank accession number gi: 28573990) was PCR-amplified and cloned into pB27 as a C-terminal fusion to LexA (N-LexA-TBCD-C) and into pB66 as a C-terminal fusion to Gal4 DNA-binding domain (N-Gal4-TBCD-C). The constructs were checked by sequencing and used as a bait to screen a random-primed Drosophila melanogaster embryo cDNA library constructed into pP6. Cloning vectors pB27, pB66 and pP6 were derived from the original pBTM116 (Vojtek and Hollenberg, 1995) , pAS2⌬⌬ (Fromont-Racine et al., 1997) , and pGADGH (Bartel et al., 1993) plasmids, respectively. For the LexA bait construct, 107 million clones (10-fold the complexity of the library) were screened using a mating approach with YHGX13 (Y187 ade2-101::loxP-kanMX-loxP, mata) and L40⌬Gal4 (mata) yeast strains as previously described (Fromont-Racine et al., 1997) . A total of 15 Hisϩ colonies were selected on a medium lacking tryptophan, leucine, and histidine. For the Gal4 construct, 54 million clones (5-fold the complexity of the library) were screened using the same mating approach with HGX13 (Y187 ade2-101::loxP-kanMXloxP, mata) and CG1945 (mata) yeast strains. A total of 142 Hisϩ colonies were selected on a medium lacking tryptophan, leucine, and histidine, and supplemented with 0.5 mM 3-aminotriazole to handle bait autoactivation. The prey fragments of the positive clones were amplified by PCR and sequenced at their 5Ј and 3Ј junctions. The resulting sequences were used to identify the corresponding interacting proteins in the GenBank database (NCBI) using a fully automated procedure. A confidence score (predicted biological score) was attributed to each interaction as previously described (Formstecher et al., 2005) .
Immunoprecipitation. S2 Cells in 60 mm plates (5 ϫ 10 6 cells per plate) were transfected using the Effectene Transfection Reagent (Qiagen no. 301427). We used isolated plasmid DNA samples in following amounts: 400 ng for Actin-Gal4, 600 ng for UAS-TBCD, and 600 ng for UAS-Dscam17.1-GFP. After transfection, cells were cultured at 26°C for 24 h. S2 cells were sonicated in lysis buffer (25 mM Tris-HCl, pH 7.9, 10 mM NaCl, 2 mM EDTA, 0.5% Triton X-100, 10 mM DTT, and 1 ϫ cOmplete protease inhibitor tablet), and incubated with anti-TBCD antibody (guinea pig, 1:100), anti-GFP antibody (rabbit, 1:333, MBL, 598) or control IgG for 1 h. Protein-G agarose (Roche) was added, and immunoprecipitation was performed according to the manufacturer's protocol.
Immunoblotting. We subjected 1-10 g protein samples of embryo lysates or S2 cell lysates to SDS-PAGE analysis (7.5% acrylamide gel for TBCD and Dscam-GFP, 12.5% acrylamide gel for histone H3), and immunoblotting. Anti-TBCD antibody (guinea pig; 1:500), anti-GFP antibody (mouse, 1:1000; Roche), and antihistone H3 (rabbit; 1:2000, Active motif, 39163) were used as primary antibodies. Horseradish peroxidase-conjugated antibodies against guinea pig (1:2000; Jackson ImmunoResearch, 706-035-148), mouse (1: 2000; Promega, W02B) and rabbit (1:2000; Cell Signaling Technology, 7074S) were used as secondary antibodies.
Drosophila neuron culture. Drosophila neuron culture from embryos was performed as previously described (Lu et al., 2013) . Neurons were incubated at 17°C for 18 h after plating. Cultured neurons were fixed with cold methanol for 5 min at Ϫ20°C. Samples were immunostained with mouse anti-␣-tubulin (1:2000; Sigma-Aldrich, DM1A), rabbit anti-GFP (1:500; MBL, 598), and rat anti-Elav (1:50; DSHB, 7E8A10) antibodies. Measurement of fluorescence intensity was performed using ImageJ.
Results

TBCD is required for dendrite and axon morphogenesis of PNs
To identify genes involved in neuronal morphogenesis, we performed MARCM-based analysis (Lee and Luo, 1999) using mu- tants of planar cell polarity signaling molecules dachsous (ds), fat (ft), four-jointed (fj), and dachs (d) as candidates. We found that only the ds UAO71 PNs displayed detectable phenotypes for axon and dendrite morphology. MARCM analysis with GH146-Gal4 and heat shock at 0 -24 h after larval hatching generated singlecell clones of PNs whose dendrites target the DL1 glomerulus (DL1 PN; Fig. 1 A, I ; Jefferis et al., 2001 ). In DL1 PNs homozygous for ds UAO71 (ds UAO71 DL1 PNs), dendrites targeted not only the DL1 glomerulus, but also additional glomeruli ( Fig. 1 B, I ). Axons of wild-type DL1 PNs elongated toward the mushroom body and the lateral horn, and had stereotypical L-shaped pattern of terminal arborization in the lateral horn ( Fig. 1 E, Marin et al., 2002; Wong et al., 2002) . In contrast, axons of ds UAO71 DL1 PNs did not reach the mushroom body and the lateral horn ( Fig. 1 F, J ) . However, three lines of evidence indicate that the mutation in the ds locus does not cause the PN phenotypes observed in ds UAO71 PN clones. First, the expression of ds cDNA did not rescue the defect in ds UAO71 PNs (Fig. 1C ,G, I, J ). Second, we could genetically segregate PN phenotypes and ds mutation using meiotic recombination (see Materials and Methods for details). Third, another strong mutant allele, ds 05142 , did not show any defect in PN morphology ( Fig. 1 I, J ) . These results suggest that ds is not required for neural morphogenesis in PNs, and the phenotypes of ds
UAO71
PNs are caused by a background mutation, rather than a mutation in the ds locus.
To identify the gene responsible for the defects in ds UAO71 PNs, we used genetic mapping methods and reached the conclusion that the gene CG7261 is responsible for the phenotype in ds UAO71 PN clones. First, we found that a DNA fragment ϳ9 kb long (probably derived from a natural transposon) was inserted into the coding sequence of the CG7261 locus in the ds UAO71 allele (Fig. 2A) . Second, the expression of wild-type CG7261 cDNA in ds UAO71 PN clones could rescue the PN phenotypes of ds
CG7261 encodes a protein orthologous to human TBCD. TBCD is an evolutionarily conserved protein that is essential for the formation of ␣-and ␤-tubulin heterodimers ( Fig. 2B ; Tian et al., 1996) . Because CG7261 is 41.5% identical and 80.7% similar to human TBCD, it is likely that the function of TBCD is also evolutionarily conserved. Therefore, we called CG7261 Drosophila TBCD.
We isolated the TBCD mutation from the original ds UAO71 allele by meiotic recombination and referred to this TBCD mutant allele as TBCD 1 . To examine the expression level of TBCD in TBCD 1 , we generated a polyclonal antibody against N-terminal of Drosophila TBCD. Western blot analysis showed that the TBCD antibody specifically recognized TBCD (Fig. 2C, left) , and the expression level of TBCD was reduced in the TBCD 1 homozygous embryo (Fig. 2C, right) .
Next, we confirmed the phenotype of the TBCD mutant. TBCD 1 DL1 PNs exhibited a similar phenotype as ds UAO71 PNs (Fig. 2 D, F,I ). Even though the dendrites of TBCD 1 DL1 PNs targeted the DL1 glomerulus, the number of dendrites innervating the DL1 glomerulus was decreased, and there were ectopic arborizations between the cell body and DL1 glomerulus (Figs.  1I, 2 D, I ).
In addition to dendrite defects, TBCD 1 PNs also showed altered axon morphology. In the wild-type, DL1 PN axons elongated toward the mushroom body and lateral horn and had a stereotypical (L-shaped) pattern in the lateral horn (Figs. 1 E, J, 2H ). TBCD 1 DL1 PN axons reached neither the mushroom body nor lateral horn (Figs. 1J, 2 F, I ) or reached the lateral horn without the dorsal branch (data not shown). The defects in TBCD 1 PNs were rescued by the expression of wild-type TBCD cDNA (Figs. 1 I, J, 2 E, G) . These results suggest that TBCD is cellautonomously required for dendrite and axon morphogenesis in PNs.
Dendrite and axon maintenance were defective in TBCD
1 PNs To analyze the developmental origin of the TBCD 1 PN phenotypes, we observed dendrite and axon morphologies of TBCD 1 PNs during development. Until 18 h after puparium formation (APF), the PN dendrites elaborate and target the appropriate region in the developing antennal lobe before the arrival of ORN axons (n ϭ 5; Fig. 3A) . From 48 h APF, PN dendrites and ORN axons are restricted to individual developing glomeruli (n Ͼ 8; Fig. 3B-D) . In TBCD 1 DL1 PNs, the dendrites targeted the appropriate region at 18 h APF (n ϭ 10; Fig. 3E ). However, ectopic dendrite arborization was observed from 48 h APF (Fig. 3 F, G,H ; n ϭ 3/8, n ϭ 5/7, and n ϭ 6/7, respectively) suggesting that initial dendrite targeting was not affected in TBCD 1 PNs, and TBCD is required for the suppression of ectopic dendrite arborization.
The shorter axon phenotype of TBCD 1 PNs could be caused by failure of axon elongation or maintenance. To examine whether axons of TBCD 1 PNs elongate properly during development, we observed axon morphology of TBCD 1 PNs during development. PN axons elongate and mature during late larval and pupal stages (Jefferis et al., 2004) . Until 72 h APF, there were no detectable differences in axon morphology between wild-type (n Ͼ 4; Fig. 3I-K ) and TBCD 1 PNs (n Ͼ 5; Fig. 3M-O) . The wild-type PNs within 1 d after eclosion had the stereotypical pattern of L-shaped axon terminal (n ϭ 7 ; Fig. 3L) ; however, in TBCD 1 PNs, the dorsal branch in the lateral horn was lost (n ϭ 2/6; Fig. 3P ). Moreover, TBCD 1 PN axons developed swellings, which are typical of axon degeneration. These findings indicate that the axons of TBCD 1 PNs elongate, but degenerate at the late pupal and young adult stages and that TBCD is required for axon maintenance in PNs.
Tubulin-folding pathway is required for neuronal morphogenesis in PNs
We then examined whether other tubulin-folding cofactors are required for neuronal morphogenesis. TBCB 1 mutant clones showed ectopic dendrite arborization, which was comparable to that of TBCD 1 mutant clones (n ϭ 5/25; Fig. 4A ). Although the penetrance was low, we also observed the loss of dorsal branches in axons of TBCB 1 PNs (n ϭ 3/25; Fig. 4C ). Furthermore, we generated DL1 PNs expressing TBCE RNAi. TBCE knockdown resulted in ectopic dendrite arborization (n ϭ 5/9; Fig. 4B ), but did not affect axon morphology (n ϭ 8/8; Fig. 4D ). We also examined genetic interaction among TBCD, TBCB, and TBCE. When we generated TBCB 1 mutant clones expressing TBCD shRNA, we could hardly obtain single-cell clones. This is probably because tubulin-folding cofactors are important for cell proliferation or cell survival. We also found that expression of TBCE RNAi in TBCD 1 PNs enhanced the frequency of dendrite defects (n ϭ 9/10 compared with TBCD 1 PNs, n ϭ 12/16). The phenotypic similarities and the genetic interaction among TBCD, TBCB, and TBCE indicate that the tubulinfolding pathway is required for neuronal morphogenesis, especially dendrite morphogenesis.
Microtubules are disrupted in TBCD
1 PNs We expected that the reduced level of TBCD would affect microtubule network formation. To observe microtubule networks in PNs, we generated UAS-myctagged ␤Tub56D and studied its expression in wild-type or TBCD 1 PNs using the MARCM system. In wild-type DL1 PNs, ␤Tub56D-myc was enriched in the primary branches of dendrites and axons and was less prominent in their terminals (n ϭ 8; Fig. 5 A, C) . In contrast, the ␤Tub56D-myc signal disappeared in TBCD 1 PNs (n ϭ 11; Fig. 5 B, D) . We further confirmed the phenotype of microtubules by expressing UAS-GFP-␣Tub84B in wild-type or TBCD 1 PNs. GFP-␣Tub84B signal also decreased in TBCD 1 PNs (n Ͼ 5; Fig. 5E -P). Consistent with the previous study that have shown the microtubule marker disappears before the loss of axons during axon pruning (Watts et al., 2003) , the reduction of GFP-␣Tub84B signal was observed before the axon degeneration (Fig. 5 K, L, N, O) . The failure of microtubuledependent axon transport is a common feature of axon degeneration (Coleman, 2005) . To examine whether loss of TBCD affects axon transport, we observed the localization of HA-tagged synaptotagmin (HA-syt), a marker for synaptic vesicles. HA-syt was localized in the presynaptic region of wild-type PNs, where is around the mushroom body and the lateral horn (n ϭ 7; Fig. 5Q ). In contrast, HA-syt was mislocalized in the axon stalk of TBCD 1 PNs (n ϭ 8; Fig. 5R ). Together, these results suggest that TBCD is essential for the formation or the maintenance of microtubules in PNs.
Previous studies have shown that TBCD is necessary for the formation of tubulin heterodimers. 
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PNs, overexpression of TBCD in PNs should cause defects in neuronal morphology. We first examined whether overexpression of Drosophila TBCD causes destruction of microtubules in cultured cells. In S2 cells overexpressing TBCD, a decrease in ␣-tubulin signal was observed (Fig. 6A) . To examine whether overexpression of TBCD affects neuronal morphology or not, we analyzed PN clones overexpressing TBCD. When TBCD was overexpressed in DL1 PNs, the dendrites targeted the DL1 glomerulus but made ectopic arborizations, which were similar to the phenotype of TBCD 1 clones (n ϭ 6/7; Fig. 6B ). There were no detectable defects in axon morphology (n ϭ 7/7; Fig. 6C ). These results suggest that an optimum amount of TBCD is required for normal dendrite morphology. Consistent with the previous report showing that overexpression of Drosophila TBCE does not disrupt microtubules (Jin et al., 2009), we did not observe defects in neuronal morphology in PNs overexpressing TBCE (n ϭ 7; Fig. 6 D, E) . Together, these data imply that TBCD-mediated regulation of the microtubule network is crucial for neuronal morphogenesis, especially for dendrite morphogenesis.
Dscam interacts physically with TBCD
Recent studies have identified microtubule-associated proteins (MAPs) as participants in specific cell surface receptor pathways . However, the molecular mechanisms regulating tubulin-folding cofactors during neuronal development have been unclear. To identify the molecules interacting with TBCD, we performed a yeast two-hybrid screen, and found that the intracellular domain of Down syndrome cell adhesion molecule (Dscam) was a candidate for interactions with TBCD (Fig. 7A) .
Dscam is a well known regulator of neural development including axon guidance, dendrite self-avoidance, and presynaptic size control ( Fig. 7A ). In Drosophila, alternative splicing of three Ig domains and the transmembrane domain can give 38,016 isoforms (Schmucker et al., 2000) . Each isoform binds other identical isoforms and mediates homophilic repulsion Hattori et al., 2007) . In addition, Dscam also acts as a Netrin receptor, thereby mediating axon guidance (Andrews et al., 2008; Ly et al., 2008) .
To confirm the physical interaction between TBCD and Dscam we performed a coimmunoprecipitation experiment. Anti-TBCD antibody could coprecipitate TBCD with Dscam-GFP from the lysate of S2 cells expressing TBCD and Dscam-GFP (Fig. 7B, left) . We could further confirm this interaction by immunoprecipitating Dscam-GFP with anti-GFP antibody (Fig. 7B,  right) . These results indicate that TBCD and Dscam physically interact with each other.
TBCD cooperates with Dscam in PNs
To examine whether TBCD regulates neuronal morphogenesis by acting cooperatively with Dscam, we performed genetic analysis using TBCD and Dscam. We generated DL1 PNs for Dscam P1 homozygous mutants (Dscam P1 DL1 PNs) on a TBCD 1 heterozygous background. Although the dendrites of DL1 PNs for all of the four genotypes targeted the DL1 glomerulus, the dendrites tended to spill over to the outside of the antennal lobe ( Fig. 7E-H ) . We classified the phenotypes into three groups according to severity, and found that the spill-over phenotype was enhanced in Dscam P1 DL1 PNs on a TBCD 1 heterozygous background (Fig.  7C,H ) . Axon of Dscam P1 DL1 PNs caused loss of the dorsal branch in the lateral horn (Fig. 7K ) . Dscam P1 DL1 PNs on a TBCD 1 heterozygous background also showed the loss of the dorsal branch in the lateral horn but did not enhance the defect of Dscam P1 DL1 PNs (Fig. 7 D, I -L). Next we overexpressed Dscam-GFP in PNs and found that ectopic dendrite arborization (n ϭ 6/7; Fig. 7M ) and loss of the dorsal branch in the lateral horns (n ϭ 5/7; Fig. 7N ). Thus, the increased amount of Dscam exhibited dendrite morphological defects in PNs, which is similar to those observed in PNs homozygous for TBCD 1 or overexpressing TBCD (Figs. 2D, 6B ). These genetic data suggest that TBCD cooperates with Dscam in dendrite morphogenesis of PNs.
TBCD cooperates with Dscam in mushroom body neurons
To confirm the interaction between TBCD and Dscam we used another type of neuron, the mushroom body neurons. Mushroom body is an olfactory learning and memory center (Heisenberg, 2003) and consists of three types of neurons, ␣/ ␤, ␣Ј/ ␤Ј, and ␥ neurons (Lee et al., 1999) . ␣/␤ neurons extend one axon into ␣ lobe and the other axon into ␤ lobe, that are labeled by anti-FasII antibody (Fig. 8 A, C) . Dscam is required for segregation of sister branches of ␣/␤ neurons (Wang et al., 2002;  Fig. 8B ). To test whether TBCD is involved in the development of mushroom body neurons, we expressed short-hairpin RNA for TBCD (shRNA-TBCD) in all mushroom body neurons with OK107-Gal4 driver. Knockdown of TBCD caused a loss of the ␤ lobe and a thickened ␣ lobe, which is similar to the defect in the Dscam mutant (Fig. 8 B, D) . Next, we hypothesized that TBCD and Dscam works in the same pathway. If TBCD acts downstream of Dscam, knockdown of TBCD would suppress the phenotype of Dscam overexpression. When Dscam was overexpressed in mushroom body neurons with OK107-Gal4, ␣ and ␤ lobes were missing ; Fig. 8 E, H ) . However, when shRNA- J, M, P) . PN morphologies are labeled in red, green shows GFP-␣Tub84B staining, and blue shows PNA-biotin staining. Q, R, UAS-HA-syt was expressed in WT (Q) and TBCD 1 (R) DL1 PNs. Q, HA-syt normally accumulatesinpresynapticsites,thecalyxoftheMBandtheLH.R,HA-sytmislocalizesatthestalkofaxon(arrowheads).MBandLHaremarkedwithyellowandwhite-dottedcircles,respectivelyinA,B,andK-R. Asterisks, dotted circles, and arrows in C-J denote cell bodies, the DL1 glomerulus, and ectopic dendrite arborization, respectively. Scar bars, 20 m.
TBCD and Dscam-GFP were overexpressed simultaneously, the frequency of loss of ␣ and ␤ lobes was significantly decreased (Fig. 8 F, H ) . We further found that TBCD 1 heterozygous background suppressed the Dscam overexpression phenotype (Fig.  8G,H ) . These results suggest that the Dscam overexpression phenotype in mushroom body is caused by increased activity or amount of TBCD.
We also examined the effects of Dscam overexpression on microtubule in S2 cells and Drosophila primary cultured neurons. We stained ␣-tubulin of S2 cells transfected with UAS-Dscam-GFP or UAS-GFP as a control (Fig. 8I-K ) . Overexpression of Dscam-GFP caused the reduction of ␣-tubulin staining at the cell periphery of S2 cells (Fig. 8 J, K ) . Similar results were obtained with Drosophila primary cultured neurons from dissociated embryos at stage 11. Along the axons of cultured neurons, ␣-tubulin was decreased at the site where Dscam-GFP was accumulated (Fig. 8L-N ) . These results support the idea that overexpression of Dscam causes the reduction of ␣-tubulin through TBCD, and TBCD cooperates with Dscam in neuronal morphogenesis.
Discussion
In this study, we have analyzed the function of TBCD in neuronal morphogenesis using PNs and mushroom body neurons. TBCD and other tubulin-folding cofactors are required for in vivo dendrite morphogenesis. We have also revealed the physical interactions between TBCD and Dscam, and shown that TBCD cooperates with Dscam in dendrite morphogenesis in PNs and axon segregation in mushroom body neurons.
The roles of tubulin-folding cofactors have been mainly studied in vitro, but recently TBCB and TBCE have been shown to be regulators of neural development and function (LopezFanarraga et al., 2007; Schaefer et al., 2007; Jin et al., 2009) . Our study provides in vivo evidence that tubulin-folding cofactors are required for neuronal morphogenesis. An increase or a decrease in the amount of TBCD caused ectopic arborization of dendrites in PNs. Mutation of TBCD in PNs also led to the destruction of microtubules and axon degeneration. Our results suggest that microtubule networks mediated by tubulin-folding cofactors are important for suppression of ectopic dendrite arborization, and for axon maintenance. In addition to the role of a tubulin chaperone, TBCD is also used for recruitment of the ␥-tubulin ring complex at centrosomes, a microtubule-organizing center in HeLa cells (Cunningham and Kahn, 2008) . Depletion of TBCD in the centrosomes might affect neuronal morphology. Further studies on the precise subcellular localization of TBCD in neurons would provide a better understanding of TBCD functions in neuronal morphogenesis.
TBCE knockdown in PNs led to the ectopic arborization of dendrites, but not to axon degeneration. This result may have been due to knockdown efficiency of TBCE that was insufficient to reveal the true phenotype regarding axon degeneration. Another possibility is that the axon degeneration resulting from TBCE knockdown may occur in older flies, as TBCE mutation causes progressive motor neuropathy, which results in axon degeneration 4 -5 weeks after birth (Schmalbruch et al., 1991) .
We have also identified Dscam as an interacting partner of TBCD. It is likely that TBCD functions downstream of Dscam and propagates signals from Dscam to effect changes in microtubule dynamics. Dscam has multiple functions in neural development, acting as a homophilic repulsive molecule and also an attractive receptor stimulated by Netrin (Hattori et al., 2008; Ly et al., 2008) . Although Dscam has been studied extensively, the pathways acting downstream of Dscam are not well known. One known pathway is the Dock/Pak signaling. Drosophila Dscam was initially identified as a Dock-binding protein (Schmucker et al., 2000) . DSH3PX, one of the sorting nexins, connects Dscam to the actin cytoskeleton by interacting with Dock, Dscam, and Wasp. Wasp is a component of the actin polymerization machinery (Worby et al., 2001) . The intracellular domain of Dscam is not well conserved, but the mammalian homolog of Dscam (DSCAM) binds and activates p21-Activated Kinase 1 (PAK1; Li and Guan, 2004) . Therefore, the downstream signal is likely to be evolutionarily conserved. Interestingly, PAK1 phosphorylates human TBCB, and knockdown of TBCB or PAK1 reduces microtubule polymerization, suggesting that the phosphorylation of TBCB by PAK1 might be necessary for the function of TBCB (Vadlamudi et al., 2005) . Therefore, in mammals, the tubulinfolding pathway may work downstream of DSCAM by interacting with PAK1. However, in Drosophila PNs, Dock and Pak are not considered necessary for dendrite targeting and axon guidance (Sekine et al., 2013) . TBCD is likely to act downstream of Dscam independently from the Dock/Pak pathway in dendrite morphogenesis of PNs.
Regulation of microtubule dynamics has been well studied and many MAPs have been identified. Recent studies have suggested that cell surface receptors and their downstream signaling cascades also regulate microtubule dynamics. For example, the microtubule plus-end tracking protein orbit/MAST acts downstream of Abl in Slit repellent pathways during axon guidance . Netrin receptor DCC directly binds ␤-tubulin and modulates microtubule dynamics (Qu et al., 2013) . Our study shows that TBCD binds Dscam and is required for dendrite morphogenesis in PNs and axon segregation in mushroom body neurons. We also found that Dscam overexpression reduced ␣-tubulin level at the site where Dscam was localized, at the periphery of S2 cells and the Dscam spots along the axons of primary cultured neurons. Moreover, Dscam overexpression caused ectopic dendrite arborization in PNs and loss of ␣ and ␤ lobes in mushroom body neurons, which could be suppressed by reduction of TBCD. Based on these results, we propose that TBCD accumulates locally where Dscam is localized, which leads to the destruction of tubulin heterodimers. As mentioned in the previous paragraph, Dscam interacts with Dock, DSH3PX1, and Wasp (Worby et al., 2001) . Therefore, we could not exclude the possibility that Dscam affects actin filaments via Dock/Pak signaling pathway, which changes the localization of microtubules. It is important to understand how Dscam and downstream signaling such as Dock/Pak and tubulin-folding cofactors coordinate the dynamics of actin filaments and microtubules. We also examined whether the reduction of Dscam affects microtubules by expressing myc-tagged ␤Tub56D in Dscam P1 PNs. However, we could not observe any obvious changes in the localization and amount of ␤Tub56D-myc. As the formation and maintenance of microtubule seem to be spatiotemporally regulated by many guidance receptors including Dscam, it could not be possible to detect the defects of microtubules only with Dscam knockdown. Further study is needed to investigate how Dscam regulates TBCD functions, and how Dscam mediates its effects on microtubule dynamics via TBCD.
The human ortholog of Dscam, DSCAM, is located in the Down syndrome critical region, and is implicated in the cognitive disabilities of Down syndrome (Yamakawa et al., 1998; Korbel et al., 2009 ). The expression level of Dscam is regulated by Fragile X mental retardation protein (FMRP), which is an RNA binding protein that suppresses the expression of target genes (Cvetkovska et al., 2013; Kim et al., 2013) . Silencing of the Fragile X mental retardation 1 gene encoding FMRP results in Fragile X syndrome. Both Down syndrome and Fragile X syndrome are causes for intellectual disability. We have shown that the gain-offunction phenotype of Dscam was suppressed by knockdown of TBCD. Therefore, TBCD may contribute to structural and/or functional alteration of neural circuits in Down syndrome or Fragile X syndrome.
